Thiobacillus denitrijicans grew exclusively aerobically in thiosulphate-limited chemostat culture at all dissolved oxygen concentrations between 12 and 216 ,UM. Nitrate reduction did not occur in aerobic cultures and nitrate and nitrite reductases only reached high levels under complete anaerobiosis. Growth yield was greatest [11.50 g dry wt (mol thicsulphate oxidized)-l] at the lowest dissolved oxygen concentration (12 ,UM) and decreased at higher dissolved oxygen concentrations, indicating oxygen to be a growth-inhibitory substrate; the anaerobic yield was only 77 yo of the maximum aerobic yield (all tested at a dilution rate of 0.08 h-l) in agreement with thermodynamic calculations. Low activities of thiosulphateoxidizing enzyme and sulphur-oxidizing enzyme were detected in aerobic cultures, but activities were even lower in anaerobic cultures. Efficient energy coupling mechanisms with respect to sulphur and thiosulphate oxidations are indicated.
Metabolic Changes in Thiobacillus denitripcans
Thiobacillus denitrijicans grew exclusively aerobically in thiosulphate-limited chemostat culture at all dissolved oxygen concentrations between 12 and 216 ,UM. Nitrate reduction did not occur in aerobic cultures and nitrate and nitrite reductases only reached high levels under complete anaerobiosis. Growth yield was greatest [11.50 g dry wt (mol thicsulphate oxidized)-l] at the lowest dissolved oxygen concentration (12 ,UM) and decreased at higher dissolved oxygen concentrations, indicating oxygen to be a growth-inhibitory substrate; the anaerobic yield was only 77 yo of the maximum aerobic yield (all tested at a dilution rate of 0.08 h-l) in agreement with thermodynamic calculations. Low activities of thiosulphateoxidizing enzyme and sulphur-oxidizing enzyme were detected in aerobic cultures, but activities were even lower in anaerobic cultures. Efficient energy coupling mechanisms with respect to sulphur and thiosulphate oxidations are indicated.
I N T R O D U C T I O N
Thiobacillus denitrijicans is the only well-established facultatively anaerobic thiobacillus and is capable of rapid growth on thiosulphate both aerobically and anaerobically with nitrate or nitrite as oxidant (Justin & Kelly, 1978) . No study has been reported on the biochemical and physiological changes in the organism accompanying the transition from aerobic to anaerobic growth conditions. The claim has been made that prolonged aerobic culture results in the loss of capacity to grow anaerobically (Vishniac & Santer, 1957; Woolley, Jones & Happold, 1962) , but this has never been reliably substantiated. Elsewhere (Eccleston & Kelly, 1978; Justin & Kelly, 1978) , we have speculated that during aerobic growth of T. denitrzjicans more energy is conserved during thiosulphate oxidation than during growth of other aerobic thiobacilli. The large aerobic growth yield of T. denitrijicans would be consistent with the conservation of energy during oxidation of the sulphane-sulphur of thiosulphate but not when this is oxidized, for example, by T. ferrooxidans (Eccleston & Kelly, 1978) . This could occur if the sulphur-oxidizing oxygenase enzyme found in aerobic thiobacilli (Suzuki, 1965a, b; Suzuki & Silver, 1966; Charles & Suzuki, 1966; Silver & Lundgren, 1968a) , which has been postulated to play a central role in sulphane-sulphur oxidation (Kelly, 1968; Roy & Trudinger, 1969) , was not important in aerobic thiosulphate oxidation by T. denitrzjicans. This enzyme could not in any case have a role during anaerobic growth.
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mixture. Dissolved oxygen was measured with a Clark oxygen electrode and LH Engineering (Slough, Buckinghamshire) dissolved oxygen module, reading dissolved oxygen as a percentage of air saturation.
These values were converted to ~M -O~ assuming that air-saturated medium contained 245 ~M -O~ (Tuovinen & Kelly, 1972) . Each new steady state was established by passing six to eight culture volumes of medium through the vessel at a dilution rate of 0.08 h-l. The input medium usually contained 18.69 m~-Na,S,o, and 24 ~M -N~N O , for aerobic thiosulphate-and anaerobic nitrate-limitation, but in some cases 40 mMNaN02 or 10 mM-K,S,O, was used instead of nitrate or thiosulphate, respectively.
Preparation of crude extract for enzyme assays. Organisms were harvested from steady state chemostats by centrifuging at 4 "C, washed with water, recentrifuged and the pellet was stored at -20 "C or used immediately for enzyme assay. Organisms were suspended (25 %, v/v) in 0.05 M-Tris/HCI buffer, pH 7.54, and passed twice through an Aminco French pressure cell at 140 kPa. The broken suspension was centrifuged at 1OOOOg for 30 min at 4 "C and the supernatant liquid was used for enzyme assays.
Nitrate reductase. Nitrite production from nitrate was measured using NADH as electron donor (Sawhney & Nicholas, 1977) in reaction mixtures in test tubes containing (final vol. 2 ml): Tris/HCl, pH 7.54, 80 pmol; phenazine methosulphate, 1 pmol; KN03, 1 pmol; crude extract, 0.01 ml. After equilibration at 30 "C for 2 min, the reaction was initiated by adding 1 pmol NADH, and terminated after 15 min by adding 0.1 ml 1 M-acetaldehyde and 0.03 mg alcohol dehydrogenase in 0.1 ml 0.05 ~-Tris/HCl, pH 7.54, to oxidize the residual NADH. Nitrite was determined by the Griess-Ilosvay method (Justin & Kelly, 1978) . Activity was expressed as nmol NO2-produced min-l (mg protein)-l.
Nitrite reductase. Activity was measured at 30 "C in 10 ml Warburg flasks (Aminuddin & Nicholas, 1973 ) containing (final vol. 1 ml): Tris/HCl, pH 7-54, 40 pmol; phenazine methosulphate, 1 pmol; NaN02, 0.6pmol; crude extract, 0.01 ml. The reaction was initiated by adding 1 pmol NADH, after flushing the flasks with 0,-free N2 for 10 min. The reaction was terminated after 0,3,6 or 10 min as for nitrate reductase assays and nitrite was estimated. Activity was expressed as nmol NO2-reduced min-l (mg protein)-l.
Thiosulphate-oxidizing enzyme. Ferricyanide reduction (Trudinger, 1961) was measured spectrophotometrically with a reaction mixture in 1 cm cuvettes containing (final vol. 3 ml): potassium phthalate buffer, pH 5.0, 300 pmol; Na2S203, 30 pmol; potassium ferricyanide, 3 pmol; crude extract, 0-05 ml. Thiosulphate and ferricyanide were omitted from the reference cuvette. The reaction was initiated by adding the extract. Activity was measured for up to 60 min and expressed as pmol ferricyanide reduced min-l (mg protein)-l.
Sulphur-oxidizing enzyme. This was assayed by measuring thiosulphate production and oxygen uptake using Warburg manometers (Suzuki & Silver, 1966) and reaction mixtures containing (final vol. 2ml): Tris/HCl, pH 7.8, 500 pmol; sulphur (BDH 'Optran' grade), 48 mg; 2,2'-bipyridyl, 0-2 pmol; catalase, 250 pg; crude extract, 0.1 ml. The reaction in air-filled flasks was initiated by adding 5 pmol reduced glutathione. After 210 min, during which oxygen uptake was recorded, flask contents were sampled and thiosulphate was determined cyanolytically as ferric thiocyanate (Suzuki, 19654. Anaerobic nitrite reduction by suspensions of Thiobacillus denitrifcans. From steady state cultures held at different dissolved oxygen concentrations, 200 ml samples were removed and the organisms were harvested by centrifuging, washed and resuspended in salts solution lacking thiosulphate and nitrate. Suspensions in Universal bottles sealed with Suba-seal vaccine stoppers were made anaerobic by passage of N2 and incubated at 30 "C. Na2S203 (2 pmol ml-l) and NaNO, (1.8 pmol ml-l) were added and samples were removed for thiosulphate and nitrite analysis at intervals for 300 min.
RESULTS

Effect of dissolved oxygen concentration on biomass, substrate consumption and yield in steady state chemostats
Using chemostat cultures at a fixed dilution rate of 0.08 h-l with a medium containing about 19 mM-thiosulphate and about 24 mwnitrate, a series of steady states was established at different dissolved oxygen concentrations. The consequence of progressively decreasing the steady state dissolved oxygen from 88 yo of air saturation (216 pM-O2) in a fully aerobic culture to 5 yo of air saturation (12 pM-0,) was to increase the steady state biomass without decreasing consumption of the limiting nutrient, thiosulphate, which was completely consumed at all dissolved oxygen concentrations. Consequently the yield increased with decreasing steady state dissolved oxygen, while the specific rate of thiosulphate oxidation (qs203) decreased (Table 1) . At all dissolved oxygen concentrations tested, there was no significant reduction of nitrate, although trace amounts of nitrite were possibly formed at 12 to 22 ,UM (Table 1 ). The change from 12 p M -0 2 to nitrate-limited anaerobiosis resulted in 
Nitrite reduction by suspensions of organisms grown with diferent
concentrations of dissolved oxygen Organisms harvested from steady states held at 11 different dissolved oxygen concentrations were tested for their ability to reduce nitrate or nitrite anaerobically in the presence of thiosulphate. Only organisms grown fully anaerobically in nitrate-limited culture showed any nitrate reduction activity. Organisms from cultures held at 68% air saturation (167 ,uM-O~) and above did not reduce nitrite anaerobically during 5 h incubation at 30 "C. Organisms grown at lower dissolved oxygen concentrations reduced nitrite after a lag, the length of which was a function of the dissolved oxygen regime in the culture from which the organisms were harvested (Fig. 1) . There was no lag with organisms grown anaerobically with nitrate-limitation.
Nitrate and nitrite reductuse activities
These were assayed in crude extracts using NADH as reductant. Activities of both enzymes were negligible in cultures maintained at dissolved oxygen concentrations equivalent to 52 yo air saturation (127 ,uM-O~) and above ( Table 2) . Nitrate reductase increased slightly below 5 4 ,~~-0~
and to 10 times the aerobic level under complete anaerobiosis. Nitrite reductase activity increased considerably as the dissolved oxygen concentration was lowered from 91 to 14p~-O,, but rose to very high levels in anaerobic cultures ( Table 2) . Using freshly harvested anaerobic organisms assayed soon after breakage in the French pressure cell, the maximum nitrate reductase activity was 28-6 nmol min-l (mg protein)-l and nitrite reductase activity was 264.0 nmol min-l (mg protein)-l.
Both enzymes were reasonably stable when stored at -20 "C. Nitrate reductase was not raised above its aerobic levels in anaerobic organisms cultured in nitrate-free nitrite-limited medium, but nitrite reductase reached a level comparable to that under nitrate-limited anaerobiosis ( Table 2) . Substituting tetrathionate for the usual thiosulphate substrate (Justin & Kelly, 1978) under anaerobic nitrate-limitation resulted in enzyme activities comparable to those in thiosulphate cultures ( Table 2) . Sulphur -oxidizing en yzm e Activities of this enzyme were very low although it was detected in both anaerobic and aerobic organisms (Table 3) . In most cases the molar ratio of O2 consumed to thiosulphate formed was about 1.0, as required by the mechanism proposed by Suzuki (1965a, b) and Suzuki & Silver (1966) . Freshly prepared crude extracts from freshly harvested aerobic (80% air saturation, 196 ,uM-O~) and anaerobic cultures gave activities of 1.069 and 0.228 ,urn01 thiosulphate formed (210 min)-l (mg protein)-l, respectively. The activity in crude extracts declined as the dissolved oxygen content of the cultures was lowered (Table 3) . Mean values for six aerobic cultures (127 to 211 ,UM-02) and four anaerobic cultures were activities were 0.144 and 0.1 12 pmol ferricyanide reduced min-1 (mg protein)-l, whereas activity in a comparable anaerobic culture was only 0.01 8. Activity was typically 0.012 to 0.02 in all anaerobiccultures. Activity was gradually lost on storage at -20 "C. These low activities should be compared with typical crude extract activities [pmol ferricyanide reduced min-l (mg protein)-l] of 4.97 for T. neapolitanus (Kelly, 1966) , 9-00 for T. ferrooxidans (Silver & Lundgren, 1968b) and 0.96 for T. thioparus (Lyric & Suzuki, 1970) .
D I S C U S S I O N
The mechanism of sulphur-compound-dependent nitrate reduction in T . denitrijcans is basically similar to that in other anaerobic nitrate-reducing bacteria (Adams, Warnes & Nicholas, 1971 ; Ishaque & Aleem, 1973 ; Baldensperger & Garcia, 1975; Sawhney & Nicholas, 1977) . However, the regulation of the system under aerobic and anaerobic conditions has not previously been reported. Our experiments demonstrate that the levels of nitrate and nitrite reductase are regulated in response to oxygen tension, significant activities of nitrate reductase being detected only in microaerophilically and anaerobically cultured bacteria. Nitrite reductase was detected in cultures grown with 91 ~M -O , but not with 1 2 7~~-02. For both enzymes, maximum activity was only found under complete anaerobiosis. Although nitrate and nitrite reductases were found in cultures held under low oxygen steady states, no nitrate reduction was detected in the cultures, indicating that oxygen is also inhibitory to nitrate reduction. Nitrate reductase synthesis also required the presence of nitrate, since cultures grown anaerobically with nitrite did not form significant nitrate reductase. These findings contrast with the metabolically similar Thiomicrospira denitrijicans, in which nitrate reductase is constitutive (Timmer-ten-Hoor, 1977) . The similar levels of nitrite reductase found in anaerobic nitrate-or nitrite-limited chemostats suggested that this enzyme was fully derepressed under all the growth conditions tested.
The two enzymes possibly concerned in sulphur compound oxidation, the thiosulphateand sulphur-oxidizing enzymes, were present at relatively very low levels in aerobic T. denitrzjicans and were repressed by 70 to 90% during anaerobic growth. The activity of thiosulphate-oxidizing enzyme in anaerobic cultures was only 0.3 yo of that in some aerobic thiobacilli (Kelly, 1966; Silver & Lundgren, 1968 b) but similar to that in aerobic ThiobaciZZus A2 (Kelly, 1973) . Earlier, Trudinger (personal communication) was unable to detect this enzyme in a different strain of T. denitrzjicans. The activity of the glutathione-dependent sulphur-oxidizing enzyme was maximally around 1 pmol sulphur oxidized per mg protein in 210 min. This is of the same order as found for T. thiooxidans, T. thioparus and T. ferrooxidans (:Suzuki, 1965a, b ; Suzuki & Silver, 1966; Silver & Lundgren, 1968a) but is a very low activity. The organisms growing aerobically at a dilution rate of 0.08 h-l oxidized thiosulphate at a rate of 10.3 mmol (g dry wt)-l h-l. The protein content of aerobic bacteria was approximately 50% (w/w) of the dry wt, so the qsSo3 was equivalent to 20.6 pmol (mg total protein)-l h-l, or a rate some 80 times more rapid than could be accounted for by sulphur-oxidizing enzyme oxidation of the sulphane-sulphur of thiosulphate. We must conclude that our results do not support the view that the sulphur-oxidizing enzyme can be involved in thiosulphate metabolism in T. denitrijicans. There is, moreover, no obvious role for the enzyme activity observed in anaerobic bacteria, unless this enzyme has another, as yet undetected, function.
ThiobaciZZus denitrijicans can be switched back and forth in the chemostat between aerobic and anaerobic growth with no permanent loss of nitrate-reducing capacity during aerobiosis. It appears, however, that oxygen is an inhibitory substrate as aerobic growth yields increased progressively as the dissolved oxygen concentration was lowered. At the lowest oxygen level (12 p~) , the yield was 60 to 70% greater than that with 200 ~M -O , .
The yield at 12 ~M -O , of 11.50 g dry wt per mol thiosulphate oxidized should be compared with the anaerobic yield, at the same dilution rate, of 9.33. Calculated as yield per mol thiosulphate oxidized for energetic purposes (Justin & Kelly, 1978) , these values become 14-88 and 11-44 respectively, i.e. the anaerobic yield is 76.9 yo of the aerobic yield. This may be compared with 71 yo for relative YG values and 79.2% for theoretically available energy (Justin & Kelly, 1978) , and probably indicates that dissolved oxygen at 12 ,UM is optimal for the efficient aerobic growth of T. denitrzjicans. While T. denitrijicans grows best at low dissolved oxygen concentrations it is still capable of producing greater growth yields at high dissolved oxygen than obligately aerobic thiobacilli (Justin & Kelly, 1978) , probably by virtue of a more efficient energyconserving sulphur oxidation mechanism.
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